Objectives: To evaluate the cost-effectiveness of alternative approaches to revascularization for patients with three-vessel or left main coronary artery disease (CAD). Background: Previous studies have demonstrated that, despite higher initial costs, long-term costs with bypass surgery (CABG) in multivessel CAD are similar to those for percutaneous coronary intervention (PCI). The impact of drug-eluting stents (DES) on these results is unknown. Methods: The SYNTAX trial randomized 1,800 patients with left main or three-vessel CAD to either CABG (n 5 897) or PCI using paclitaxeleluting stents (n 5 903). Resource utilization data were collected prospectively for all patients, and cumulative 1-year costs were assessed from the perspective of the U.S. healthcare system. Results: Total costs for the initial hospitalization were $5,693/ patient higher with CABG, whereas follow-up costs were $2,282/patient higher with PCI due mainly to more frequent revascularization procedures and higher outpatient medication costs. Total 1-year costs were thus $3,590/patient higher with CABG, while quality-adjusted life expectancy was slightly higher with PCI. Although PCI was an Additional Supporting Information may be found in the online version of this article. 1 Saint Luke's Mid America Heart Institute, University of Missouri-Kansas City, Kansas City, Missouri 79:198-209 (2012) economically dominant strategy for the overall population, cost-effectiveness varied considerably according to angiographic complexity. For patients with high angiographic complexity (SYNTAX score > 32), total 1-year costs were similar for CABG and PCI, and the incremental cost-effectiveness ratio for CABG was $43,486 per qualityadjusted life-year gained. Conclusions: Among patients with three-vessel or left main CAD, PCI is an economically attractive strategy over the first year for patients with low and moderate angiographic complexity, while CABG is favored among patients with high angiographic complexity. V C 2011 Wiley Periodicals, Inc.
INTRODUCTION
Previous randomized trials comparing percutaneous coronary intervention (PCI) and coronary artery bypass grafting (CABG) in patients with multivessel coronary artery disease (CAD) have demonstrated similar rates of adverse events including death and myocardial infarction (MI) over 5-10 years [1] [2] [3] [4] [5] [6] . Given comparable outcomes for irreversible cardiovascular events, secondary considerations including quality of life and cost-effectiveness become increasingly relevant in choosing between these alternative revascularization strategies.
Previous economic studies have compared both conventional balloon angioplasty and bare metal stents with CABG. In general, these studies have demonstrated that PCI is less costly as an initial strategy, but that follow-up costs are substantially higher-driven predominantly by higher rates of repeat revascularization-resulting in roughly comparable costs within the first several years of follow-up [7] [8] [9] . More recently, the introduction of drug-eluting stents (DES) has led to substantial reductions in restenosis and rates of repeat revascularization compared with previous PCI techniques [10] . Although numerous studies have examined the cost-effectiveness of DES versus bare metal stents [11] [12] [13] , whether the benefits of DES have led to important changes in the balance of costs and benefits between PCI and CABG is unknown. In addition, most previous studies of coronary revascularization in multivessel CAD have excluded patients with left main disease. Consequently, the economic benefits of a contemporary PCI strategy for these complex patient subsets are unknown as well.
The Synergy between PCI with TAXUS and Cardiac Surgery (SYNTAX) trial is the first randomized clinical trial to compare PCI with DES versus CABG for patients with three-vessel and left main CAD. Given the increasing importance of economic considerations in the current healthcare environment, a prospectively designed health economic evaluation was embedded within the SYNTAX trial. By collecting detailed resource utilization data, we sought to directly evaluate the cost-effectiveness of DES versus CABG and to extend insights from previous clinical trials to patients with the most complex forms of CAD. This report describes the 1-year results of this ancillary economic study, performed from the perspective of the U.S. healthcare system.
METHODS Trial Design and Treatment Protocol
The SYNTAX trial design and methods have been described previously [14, 15] . Between March 2005 and April 2007, a total of 1,800 patients with three-vessel or left main CAD suitable for equivalent revascularization by either PCI or CABG were randomized to either technique. In both groups, patients were treated with the goal of achieving complete revascularization of all vessels at least 1.5 mm in diameter. Patients randomized to CABG underwent treatment using standard techniques. All PCI procedures utilized paclitaxel-eluting stents (TAXUS Express; Boston Scientific, Natick, MA).
The Institutional Review Board at each center approved the protocol, and all patients provided written informed consent. The study was designed collaboratively by the SYNTAX trial steering committee and the sponsor, Boston Scientific and is registered at the National Institute of Health website (www.clinicaltrials.gov) as identifier NCT00114972.
Assessment of Resource Utilization and Clinical Follow-up
Case report forms documenting patient characteristics, procedural details, medical resource utilization, and clinical outcomes during the initial hospitalization and 1-year follow-up period were completed by a research coordinator at each site. All components of the primary clinical endpoint (death, MI, stroke, repeat revascularization) were reviewed by an independent clinical events committee that was blinded to treatment assignment. Other clinical outcomes (e.g., wound infection, arrhythmias etc.) and measures of resource utilization (e.g., length of stay) were based on sitereported data that were independently monitored.
Determination of Medical Care Costs
Medical care costs for the index hospitalization and for the 1-year follow-up period were assessed by a combination of resource-based and event-based methods as described below. All costs were assessed from the perspective of the U.S. health care system and are reported in 2007 U.S. dollars.
Procedural Costs
Detailed resource use was recorded for each PCI procedure, and the cost for each item was estimated on the basis of the mean hospital acquisition cost for the item at U.S. hospitals in 2007 (IMS Hospital Supply Index, Millennium Research Group). The IMS Hospital Supply Index reports national average acquisition costs (weighted for volume purchased) for a broad range of medical devices across a representative sample of US hospitals. In particular, each DES was assigned a cost of $2,200 and each bare metal stent was assigned a cost of $800. Costs of antithrombotic therapy were based on average wholesale prices from the Drug Topics Red Book [16] . Costs of additional disposable equipment, overhead and depreciation for the cardiac catheterization laboratory, and non-physician personnel were estimated using data from the micro-cost accounting systems of Saint Luke's Mid America Heart Institute and Beth Israel Deaconess Medical Center and adjusted for actual procedure duration. Costs for each bypass operation including the pump circuit and associated disposable supplies were estimated in a similar fashion. For analytic purposes, resource utilization and cost data for the initial PCI procedure and any planned staged PCI procedures were combined and reported as the index procedural cost.
Other Hospital Costs
All other hospital costs associated with coronary revascularization procedures were estimated using regression models based on SYNTAX-eligible Medicare patients who underwent either PCI (n ¼ 116,883) or CABG (n ¼ 41,710) and whose hospitalization data were included in the 2007 Medicare Provider and Review (MedPAR) database. For each hospitalization, total costs were estimated by multiplying hospital charges by the hospital and cost-center specific cost-tocharge ratio [17, 18] . We then constructed separate linear regression models for each procedure in which total hospital costs were the dependent variable and independent variables included sociodemographic factors, comorbid conditions, and in-hospital complications identified on the basis of ICD-9-CM codes [19, 20] . Of note, length of stay was not included as a predictor in these models because of substantial differences in length of stay across the countries that participated in the SYNTAX trial. Finally, to avoid double-counting procedural costs, the intercept for each model was adjusted to remove the costs directly related to the revascularization procedures themselves (based on national averages for procedure duration and resource use). Details of each model are provided in Supporting Information Table I .
For hospitalizations that did not involve a revascularization procedure, the hospital admission was mapped to the appropriate diagnosis-related group (DRG) based on the principal diagnosis and any procedures performed during the admission. The cost for each admission was then assigned based on mean Medicare reimbursement rates for the DRG obtained from the Medicare Part A data file [21] .
Physician Costs
Physician costs for revascularization procedures and their associated hospitalizations were estimated based on the Medicare fee schedule. For all other hospitalizations, physician costs were estimated as a percentage of hospital costs according to DRG as previously described [22, 23] .
Outpatient Cost
Costs for outpatient cardiovascular testing and procedures as well as cardiac rehabilitation were estimated using Medicare reimbursement rates. Outpatient medication use was assessed by patient self-report at the time of each follow-up visit, and costs were assigned using average wholesale prices from the Red Book based on a weighted average of the three most frequently used medications in each medication class [16] .
Quality of Life
Quality of life was assessed directly from patients at baseline, 1, 6, and 12 months using the EuroQOL (EQ-5D) health status instrument and converted to utility weights using an algorithm developed for the U.S. population [24] . Quality-adjusted life expectancy was calculated for each patient as the time-weighted average of his or her utility values, using the mid-point between assessments as the transition between health states [25] . Missing utility values were estimated using multiple imputation techniques, taking into account baseline patient characteristics, clinical events, number of hospitalizations, and previous utility values.
Statistical Analysis
To avoid bias due to slightly higher rates of withdrawal before treatment among patients assigned to CABG, the analytic population for the primary economic analysis consisted of all randomized patients for whom complete data were available through 1-year of follow-up (n ¼ 1740). Sensitivity analyses using the full intention to treat population (n ¼ 1,800), the population who underwent at least one revascularization procedure (revascularized population, n ¼ 1,766) and the population who were treated as assigned (per protocol population; n ¼ 1,739) demonstrated similar results.
Categorical data are reported as frequencies, and continuous data are reported as mean AE standard deviation. Discrete variables were compared by Fisher's exact test. Normally distributed continuous variables were compared by Student's t-test, and non-normally distributed data were compared by the Wilcoxon ranksum test. Cost data are reported as both mean and median values and were compared by t-tests, which are appropriate given the large sample size and our focus on comparing mean costs between groups (rather than the underlying distributions) [26] . Confidence intervals for the differences in costs between the two treatment groups were obtained using the bootstrap method [27] . Unless otherwise indicated, all analyses were performed according to intention-to-treat.
Cost-Effectiveness Analyses
Cost-effectiveness was assessed from the perspective of the U.S. healthcare system over the 1-year observation period. The primary endpoint for this analysis was the incremental cost-effectiveness ratio (ICER) for the more costly therapy (generally CABG) compared with the less costly therapy, measured in terms of cost per quality-adjusted year of life gained ($/QALY). Since the main benefit of CABG during the timeframe of this analysis was a reduction in the need for repeat revascularization [15] , a secondary cost-effectiveness analysis was performed in terms of cost per repeat revascularization event avoided. For each analysis, bootstrap methods (1,000 replicates) were used to estimate the joint distribution of cost and effectiveness differences and the proportion of replicates with ICERs less than commonly accepted benchmarks [28, 29] . Stratified analyses of 1-year costs, clinical outcomes, and cost-effectiveness were performed according to prespecified subgroups defined by gender, age terciles, diabetic status, the presence of significant left main disease, enrolling country (U.S. vs. others), and SYNTAX score terciles (a measure of angiographic complexity) [15] . The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
RESULTS

Patient Population
A total of 1,800 patients with either three-vessel or left main coronary disease were randomized to either PCI with paclitaxel-eluting stents (n ¼ 903) or bypass surgery (n ¼ 897). One-year follow-up was available for 891 patients assigned to initial PCI and 849 patients assigned to initial CABG. Baseline characteristics were well-matched within the overall study population as well as among those patients for whom followup data were available (Table I ).
Initial Treatment Costs
Among patients assigned to PCI, 98% underwent initial PCI, 1.2% underwent CABG, and 0.8% underwent no revascularization (Table I) . Among patients assigned to initial CABG, 95.2% underwent CABG, 1.8% underwent PCI, and 3.0% underwent no procedure. Resource utilization for the initial revascularization procedures (including any staged PCI procedures) is summarized in Table II . Among patients treated with initial PCI, 14.0% required two planned procedures and 0.1% required three planned procedures. On average, the index PCI procedures required 2.1 guiding catheters (range 1-15), 3.5 guidewires (range 1-19), 3.7 angioplasty balloons (range 0-21), and 4.5 DES (range 0-14). Although procedure duration was substantially shorter for PCI than for CABG, total cost for the index procedure(s) was $$6,000/patient higher with PCI ($14,407 vs. $8,100, P < 0.001) reflecting the much higher cost of consumable resources for the PCI procedures.
Resource utilization and costs for the initial hospitalization (including repeat hospitalizations for staged procedures) are summarized in Table III . There were no differences in death or MI between the treatment groups, but post-procedural stroke was more frequent with CABG. Several other in-hospital complications were more common among patients assigned to CABG as well including respiratory failure, renal failure, serious infections, and atrial fibrillation. On the other hand, the need for unplanned PCI was more common among patients assigned to initial PCI. Not surprisingly, post-procedure length of stay (9.4 vs. 3.3 days) and ICU duration (2.4 vs. 0.9 days) were both substantially longer among patients assigned to initial CABG. Although procedural costs were higher for the PCI group, other hospital costs including room/ancillary costs and costs for physician services were substantially higher with CABG. As a result, total costs for the index revascularization procedures and associated hospitalization were $5,693/patient higher for the CABG group compared with the PCI group (95% CI: $4,699 to $6,689; P < 0.001).
Follow-up Resource Utilization and Costs
During the 1-year follow-up period, cardiovascular resource utilization was substantially greater among patients assigned to initial PCI as compared with CABG (Table IV) . In particular, patients assigned to initial PCI experienced higher rates of repeat revascularization (14.1 vs. 4.8 procedures per 100 patients treated) and cardiovascular hospitalizations (18.9 vs. 12.1 per 100 patients) during follow-up. As a result, costs for re-hospitalization were $1,502/patient higher after initial PCI with parallel increases in follow-up physician costs and outpatient costs. Costs for cardiovascular medications were $1,247/patient higher after initial PCI-driven almost entirely by the cost of prolonged dual antiplatelet therapy. On the other hand, costs for rehabilitation services were substantially lower after initial PCI compared with CABG Overall, follow-up medical care costs averaged $8,426 after PCI versus $6,143 after CABG-a difference of $2,282/patient (95% CI: $1,304-$3,261).
Despite these lower follow-up costs after CABG, total 1-year costs remained $3590/patient higher with initial CABG as compared with initial PCI (95% CI: $2,124-$5,056). The net 1-year cost difference was similar when the analysis was performed among all patients who underwent revascularization ($3,411) or among the per protocol population ($3,622).
Cost-Effectiveness
Although there was no significant difference in 1-year survival between the two groups, quality-adjusted life expectancy was greater for the PCI group as compared with the CABG group (0.82 vs. 0.80 QALYs, P ¼ 0.003)-driven largely by differences in utility weights during the early recovery period (Baseline: PCI-0.75 vs. CABG-0.74, P ¼ 0.11; 1-month: 0.85 vs. 0.77, P < 0.001; 6-months: 0.86 vs. 0.85, P ¼ 0.09; 12-months: 0.86 vs. 0.85, P ¼ 0.92 ). Thus, in our primary costeffectiveness analysis, PCI was an economically dominant treatment strategy with both lower overall costs and greater quality-adjusted life expectancy at 1-year. Bootstrap simulation demonstrated that PCI remained economically dominant in 100% of replicates (Fig. 1) .
In our secondary cost-effectiveness analysis (in which avoidance of the need for repeat revascularization was the measure of clinical benefit), the ICER for CABG versus PCI was $35,491 per repeat revascularization avoided. Bootstrap simulation demonstrated that this ratio remained >$10,000 in 100% of replicates and >$20,000 per repeat revascularization avoided in 94.1% (Fig. 2) .
Subgroup Analyses
Results from stratified analyses according to prespecified baseline characteristics are displayed in Tables V  and VI . There were significant interactions between treatment assignment and total 1-year cost according to the presence of diabetes, left main disease, and SYN-TAX score. The interaction with SYNTAX score was particularly strong with a 1-year cost difference of $6,154/patient among patients with SYNTAX scores < 23, $3,889/patient for those with SYNTAX scores 23-32 and only $466/patient for those with SYNTAX scores >32. There was also a statistically significant interaction between treatment assignment and SYNTAX score for quality-adjusted life expectancy with differences ranging from 0.056 QALYs in favor of PCI for the lowest SYN-TAX score tercile versus 0.011 QALYs in favor of CABG for the highest SYNTAX score tercile. These interactions led to important differences in the incremental cost-effectiveness of CABG versus PCI according to SYNTAX score. Whereas PCI was an economically dominant strategy for patients with low and intermediate SYNTAX scores, for patients in the highest SYNTAX score tercile, the ICER for CABG versus PCI was $43,486/QALY gained and remained $50,000/QALY in 48.9% of bootstrap simulations. Similar findings were noted in the disease-specific cost-effectiveness analysis. The ICER for CABG versus PCI ranged from $78,660/repeat revascularization avoided in the lowest SYNTAX score tercile to $3,602/repeat revascularization avoided in the highest SYNTAX score tercile (with 68% of bootstrap replicates < $10,000/repeat revascularization avoided). 
DISCUSSION
This is the first direct economic comparison of PCI using DES versus CABG for patients with three-vessel and left main CAD. Within this highly complex patient population, we found that although PCI required an average of 4.5 stents and incurred procedural costs of >$14,000/patient, initial treatment costs were $$6,000 per patient higher with CABG-reflecting a combination of higher costs for the hospitalization and ancillary services, more frequent complications, and higher physician fees. Over the first year, however, patients assigned to CABG underwent fewer repeat revascularization procedures and lower medication costs, resulting in cost offsets of $$2,500/patient. Nonetheless, for the overall population, total 1-year medical care costs remained $$3,500/patient higher with CABG than with PCI. Since there were early differences in QOL that favored PCI but no late differences in either QOL or survival between the two groups, quality-adjusted life expectancy also tended to favor PCI. Taken together, these results suggest that for the ''average'' SYNTAX patient, PCI was an economically dominant strategy (with lower costs and greater quality-adjusted life expectancy) over the first year of follow-up.
The results of prespecified subgroup analyses suggest a somewhat more complex pattern, however. In particular, we found that both clinical and economic differences between CABG and PCI were highly dependent on angiographic complexity. For patients with low (<23) or intermediate (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) SYNTAX scores, PCI remained economically dominant with 1-year cost savings of $3,800-$6,100 and quality-adjusted life expectancy benefits of 0.013-0.048 QALYs. On the other hand, for patients with high (>32) SYNTAX scores, total 1-year costs were similar for PCI and CABG and quality-adjusted life expectancy tended to favor CABG, resulting in a favorable ICER for CABG of $$43,000/QALY gained. These results parallel those for the primary clinical outcome of the SYNTAX trial, which did not differ significantly between PCI and CABG for patients with low or intermediate SYNTAX scores but strongly favored CABG for patients with high SYNTAX scores [15] . 
Comparison with Previous Studies
Over the past 20 years, numerous studies have evaluated the cost-effectiveness of PCI versus CABG among patients with multivessel coronary disease. In general, these studies have demonstrated much higher initial revascularization costs with CABG and lower costs during follow-up, resulting in roughly comparable costs over the long-term [7, 8, [30] [31] [32] [33] [34] [35] [36] . Only three studies, however, have been performed from the perspective of the U.S. healthcare system.
The bypass angioplasty revascularization investigation (BARI) compared conventional balloon angioplasty and CABG among 1,829 patients with two-or three-vessel disease. Although initial costs were $$11,000 higher with CABG, by 1-year this difference had narrowed to $$5,000 and by 5-years the difference was $2,500 with an ICER of $26,117 per year of life gained [7] . Among the 387 BARI patients with threevessel CAD, CABG was an economically dominant strategy with lower costs and better survival. Extended follow-up to 12-years demonstrated roughly comparable results [30] .
The Emory angioplasty versus surgery trial (EAST) randomized 392 patients with two-or three-vessel CAD (60% two-vessel disease) to balloon angioplasty or CABG. Initial hospital costs were $$8,000/patient higher with CABG, but this difference decreased to $$1,500/patient by 3-years [8] with similar results at 8-years [31] . A formal cost-effectiveness analysis was not performed.
Most recently, Stroupe et al. reported the results of an economic evaluation performed alongside the Angina with Extremely Serious Operative Mortality Evaluation (AWESOME) trial [37] . They randomized 454 patients with an urgent need for revascularization and who had one or more high risk features for CABG to either CABG or PCI (using a combination of balloon angioplasty and bare metal stents). In contrast to most other studies, the AWESOME trial demonstrated little difference in follow-up costs; the initial cost difference of $$24,000/patient (higher with CABG) only decreased to $20,000 by 3-years and remained nearly $19,000 at 5-years. Coupled with improved survival in the PCI group, the AWESOME investigators concluded that for patients requiring urgent revascularization and at high risk of complications, PCI was an economically dominant strategy.
The SYNTAX economic study thus extends previous research in several ways. Most importantly, our study is the first prospective economic evaluation of PCI with DES versus CABG. Since the main limitation of previous PCI strategies has been restenosis leading to frequent repeat revascularization, it might be expected that the lower restenosis rates seen with DES would translate into more durable economic benefit. Indeed, we found that follow-up hospital costs were only $$1,500 higher with PCI than with CABG-a much lower difference than had been reported previously. Moreover, our study extends the population of patients for whom comparative economic data are available to patients with the most complex forms of CAD including left main disease. Based on the SYNTAX data, it appears that patients with left main disease may derive substantial economic advantage from a DES-PCI strategy. Since the overall clinical trial failed to meet its primary endpoint, however, these findings should be considered hypothesis-generating and will require independent confirmation.
Study Limitations
Our study has several important limitations. First, as with any clinical trial, our results may not be applicable to all patients with three-vessel or left main CADmany of whom were excluded from randomization on the basis of unfavorable anatomy for PCI or excessive surgical risk. These patients were treated in parallel nested registries that were not included in this study.
Second, although our analysis was performed from the perspective of the U.S. healthcare system, it was based on data collected from patients who were enrolled and treated in 18 countries of which only $15% were actually treated in the U.S. (Supporting Information Table II). Although it would have been possible to restrict the economic analysis to U.S. patients, given the limited sample size we felt that this approach would have led to highly unstable results. Instead, we used costing methodology that depended only on the assumption that clinical outcomes and complications (the primary determinants of cost) would be similar across healthcare systems [38] -an assumption that underlies the design of the overall trial as well. It is also important to recognize that extension of our economic analysis to other health care systems may demonstrate very different results because of different cost and payment structures.
Moreover, although we used the most current cost data available at the time of the analysis, changes in unit costs since 2007 (particularly for DES) may have altered the relative cost of the two strategies somewhat. Recently, several clinical trials have demonstrated that the paclitaxel drug-eluting stent that was used in the SYNTAX trial has higher rates of target lesion revascularization and MI compared with the second-generation everolimus-eluting stent [39, 40] . Whether use of everolimus-eluting stents would have increased the economic advantage of PCI is unknown.
Finally, the time frame encompassed by our study is relatively brief compared with the life expectancy of the underlying population. Nonetheless, previous studies have demonstrated that cost differences between PCI and CABG are minimal beyond the first 2-3 years [30, 31] suggesting that even a shorter follow-up duration may provide useful insight. On the other hand, if meaningful differences in long-term survival emerge either within the overall SYNTAX population or important subgroups, it will be important to incorporate these benefits in future economic assessments. Indeed, 5-year clinical and economic follow-up is currently planned for the SYNTAX trial and will be the subject of separate reports at that time.
